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2214-031X/Copyright ª 2013, The Aut
license (http://creativecommons.org/Summary The ability to combine physiology and engineering analyses with computer sciences
has opened the door to the possibility of creating the “Virtual Human.” This paper presents a
broad foundation for a full-featured biomechanical simulator for the humanmusculoskeletal sys-
tem. This simulation technology unites the expertise in engineering sciences and graphic model-
ling to investigate joint and connective tissue mechanics at the structural level and to visualize
the results in both static and animated dynamic forms. Adaptable anatomical models including
prosthetic implants and fracture fixation devices and a robust computational infrastructure for
static, kinematic, kinetic, and stress analyses under varying boundary and loading conditions
are incorporated on a platform, the Virtual Interactive Musculoskeletal System (VIMS), ideal for
a cloud computing environment. A deployable database containing long bone dimensions, con-
nective tissue material properties, and a library of skeletal joint system functional activities
and loading conditions are also available that can bemodified, updated, and expanded. An appli-
cation software is available that allows end users to perform biomechanical analyses interac-
tively. An example using the forearm and hand bone models plus a unilateral external fixator to
study the distal radius fracture reduction in a virtual laboratory environment is highlighted to
demonstrate this unique simulation technology in the field of orthopaedics.
Copyrightª 2013, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The concept of the “Virtual Human” aims at the under-
standing of human anatomy and physiology throughm (E.Y.S. Chao).
07.006
hors. Published by Elsevier (Singap
licenses/by-nc-nd/4.0/).simulation based on lifelike and anatomically accurate
models and data. On a grand scale, the Virtual Human will
lead to an integrated system of human organ structures
that will explain various functional behavioural andore) Pte Ltd. This is an open access article under the CC BY-NC-ND
26 E.Y.S. Chao, J. Limactivities of a “reference human.” In recent years, the
explosion of science and technology, creating an overlap
between biological sciences and engineering know-how, has
made Virtual Human a reality. This paper introduces the
development and applications of a modelling and compu-
tational software package for the human musculoskeletal
joint system, which enables the execution of a wide spec-
trum of biomechanical analyses under simulated or exper-
imental environment. In addition to the visual attraction, it
is an integration of physiological models, computer
graphics, and analysis tools to determine the effects of
pathological, ergonomic, and environmental conditions on
the human musculoskeletal joint system. This effort rep-
resents a transdisciplinary collaboration among bio-
engineers, computer scientists, and physicians with
multiple applications including medical education, trans-
lational research, and patient careda precursor to the
grand challenge of the “Virtual Human” concept.
This innovative concept and work have long been over-
looked in the field of biomedical research, but it now rep-
resents a major force among a growing number of
investigators in the traditional biomechanics discipline with
the added strength of new engineering technology. Engi-
neers have been working on adapting and refining the
“Virtual Reality” (VR) concept for model analysis and data
presentation from two-dimensional (2D), 3D, and even 4D
space through system simulation and graphic visualization.
The well-known flight and vehicular simulators in the past
and medical procedure emulator at present provide real-
istic environmental and human-factor conditions for skill
training and to monitor physiological responses. However,
the engineering aspects of VR differ from those used in the
fields of skill training, games industry, entertainment, and
advertising. In addition to visual, tactile, and sensory re-
quirements, bioengineering models must also be accurate,
quantitative, computational, and interactive. These
fundamental premises served as the underlying pre-
requisites of the present development and application. The
recent advancements in surgical navigation and robotic
systems are the direct outcome of this vision.
The Virtual Interactive Musculoskeletal System (VIMS) is a
highly versatile simulation tool that provides information in
an attractive, user-friendly, and easy-to-understand graphic
environment while allowing computational algorithms
embedded in the software architecture. Although these
models and tools require enormous computer memory, pro-
cessing speed, andgraphic power, theseare ideal andnatural
for the emerging technology of cloud computing (CC). This
musculoskeletal biomechanics simulation system was built
on proprietary software VisModel and VisLab (original prod-
ucts of the Engineering Animation Inc., Ames, IA, USA, now
the property of EDS, Houston, TX, USA). It is divided into
three integrated componentsdthe “VIMS-Model,” the
“VIMS-Tool,” and the “VIMS-Lab”dwhere each can function
independently for a specific application, while also permit-
ting collaborations through “VIMS.Net” (Fig. 1). In order to
handle model variation among the normal population and
pathologic effects, homogenous, multidimensional, and
nonparametric scaling techniques are required based on the
generic model forms. With the CC technology and virtually
unlimited storage capacity, individual models based on the
patient’s imaging data can now be processed offline fortreatment selection and planning service. These advance-
ments were motivated by the limitations and demands of
biomechanical analyses of musculoskeletal systems [1e5].
Multibody dynamic analysis of the musculoskeletal sys-
tem has not received the attention it deserves partly
because of the modelling and analysis difficulties involved.
Furthermore, the internal muscle, ligament, and joint
forces responsible for producing limb segment external
loading and motion are still largely unknown. The redun-
dancy of the control variables in the anatomical system and
the distribution of the limb/joint forces among the ten-
dons, ligaments, and articulating surfaces were only
approximated using an optimization technique without
adequate validation [5e8]. Incorporation of graphics with
the model and results visualization offers definite advan-
tages, but such advances have only been attempted and
rectified recently. Although this proved to be a useful tool
in modelling the system and in interpretation of the results,
no comprehensive and in-depth interactive graphics capa-
bilities were available to execute the analyses when the
skeletal system is interfaced with implants or fixation de-
vices. Buford et al. [9] used interactive 3D line drawings in a
kinematic model of the hand. Later, a more attractive 3D
surface model was introduced to calculate muscle-tendon
paths in a biomechanical simulation environment [10].
Interactive graphical simulation software for modelling of
the lower extremity was developed but mainly for static
situations [11,12]. The models presented in this paper uti-
lized rendered and shaded 3D graphics for display and al-
lows the user to interactively set muscle paths and joint
angles through a graphical interface. Although there are
several commercially available modelling software in the
market, none appear to provide the interactive capability
particularly suited for biomechanical analyses.
A user-oriented network, the “VIMS-Net,” subscribing to
the same CC environment where VIMS will be managed and
serviced can be established on the Internet to encourage
close collaborations among different investigators in the
musculoskeletal biomechanics community. This integrated
software system and model database can impact on the
learning of functional anatomy, the creation of virtual
laboratories for biomechanical analyses without the use of
animals or cadaver specimens, the development of patient-
specific and device-based models for preinterventional
planning in bone fracture management, limb lengthening,
skeletal deformity correction through osteotomy, joint
replacement, and radio frequency tumour ablation in or-
thopaedic oncology. Simulation-based teaching and skill
training using virtual instruments and environment, and the
establishment of a visual feedback and biomechanics-based
system for computer-aided surgery and computer-aided
rehabilitationdnow popularized under the catchy terms of
“surgical navigation” and “robotic surgery,” etc.dcan be
established. Broader applications of this technology have
already reached the advertising, litigation, financial,
architectural, and entertainment fields.Graphic-based model developmentd“VIMS-Model”
In essence, graphic-based models through simulation can
bring the anatomical data “alive” and, through
Figure 1 The structural flowchart and software platform of the Virtual Interactive Musculoskeletal System (VIMS) and database
for biomechanical analyses.
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meet the functional demands of static and dynamic activ-
ities. Initially, anatomic data of the musculoskeletal system
must be acquired and assembled into a model suitable for
analysis and results visualization. Anatomic parameters
related to joint function are quantified, including bone and
soft tissue volumes, masses, and their relative orientation
to one another. However, to accommodate soft tissue
deformation in a model during activity is currently un-
available and should be developed in the future. The
available database in VIMS-Model includes generic
anatomic, orthopaedic implant, and device surface models
necessary for biomechanical analysis. These models and
database can be stored in a CC environment and retrieved
by the users for different applications.Geometric and material data acquisition
The “Visible Human” [14] is a set of volumetric image data
of the human anatomy from two cadavers serving as the
main source of the generic models stored on VIMS-Model
library. The boundary-seeking algorithm provided by the
commercial software, VisModel, was used to map out the
profile of the 3D anatomic components in order to volu-
metrically reconstruct their surface shape. Computed to-
mography (CT) data were retrieved and analysed to build
the voxels layer by layer according to preset grey level
threshold to reconstruct the solid model for long bones
containing different material properties and geometric ir-
regularities. A database on isolated long bones from
different populations combined with structural and mate-
rial properties was used for comparative studies [15]. Other
model databases available in the literature and from pub-
lished reports can be incorporated and stored in the cloud.
These data combined with the available scaling algorithms
and personal imaging dataset provide the capability ofcreating individual patient-based models for treatment
selection and intervention planning.
In soft tissues, the cross sections of these anatomic
structures are outlined along their lengths, so that the
centroidal lines of these tissue structures can be traced in
3D to define their line of action for biomechanical analyses.
The muscle’s physiological cross-sectional area [5] is
included as an important parameter to determine muscle
stress during static and dynamic activities. Muscle length
and volume data are combined with their density values
reported in the literature to estimate masses and moments
of inertia for limb dynamic analysis. For cartilage, menisci,
labrums, rotator cuff, and capsules, the detailed Virtual
Human datasets are used to quantify their geometry in the
models mainly for computational purposes. The articular
cartilage thickness is an important parameter required in
the intra-articular contact stress calculation. For the other
soft tissue components, their fibre bundle orientation and
insertion site are important for joint loading analysis.
Although these soft tissue parameters are needed for
biomechanical analyses, the lack of data on their shape and
orientation changes in different joint positions in static and
dynamic activities makes the geometric models unreliable
in muscle force prediction. In addition, this deficiency
prevents a graphically realistic presentation of the full limb
in action during dynamic activities. Further development is
thus needed in this respect.Models for orthopaedic applications
In addition to musculoskeletal models, the VIMS system li-
brary also contains joint replacement implant models and
bone fracture fixation devices for kinematic analysis and
stress/strain analyses to aid users who wish to study their
design, surgical placement, and clinical performance
through simulation studies. Several generic models
28 E.Y.S. Chao, J. Limavailable within the VIMS-Model library are described here
to illustrate their utility.
Full skeleton model
A full human skeleton model was adapted from a com-
mercial source and modified by Engineering Animation Inc.
as a general-purpose surface model (Fig. 2AeC). Local co-
ordinate systems are imbedded in each skeletal compo-
nent, which can be manipulated for animation purpose
under given motion data. The surface shape represented by
small polygons is fixed to the local coordinate system to
facilitate rigid body motion analysis and animation.
Through the use of surface smoothing, colour, shadow, and
texture manipulation software, this interconnected model
served the purpose of vivid visualization of the skeletal
system in response to impact or under prescribed or
recorded motion. This simplified model contains several
movable joints with estimated degrees of freedom. No
relative motion is permitted within the spine, trunk, hand,
wrist, mid, and hind foot. However, these are available in
localized joint models storage and can be incorporated
when necessary. This interpolated skeletal model was used
to animate human movements in normal functional activ-
ities and sports actions based on measured or calculated
kinematic data for visualization purposes [16]. An example
of the animated data related to a hip replacement patient
is available in Video S3 in the Supplementary material
online.
Shoulder musculoskeletal model
Detailed musculoskeletal models for the shoulder were
constructed from cadaver specimens using their CT (for
skeleton components) and magnetic resonance imaging (for
muscles) data [17]. For other soft tissue details, the cry-
osectioned images were also used. These are surface
models although they provide the layered muscular, neu-
rovascular (the brachial plexus), and all underlying skeletal
structures in a composite assembly, which can be visible inFigure 2 The three-dimensional full-skeleton model of the huma
replacement (B) (taken from Lynch JD’s MS thesis at Iowa State Univ
skeleton to replicate baseball pitching dynamics (C). The shoulder a
double arrow) are shown together with the ground reaction force (y
cycle of pitching [29]. An animation segment simulating total hip
stem stress is available in Video S1 in the Supplementary material3D in a sequential and animated form (Fig. 3A). These
models were used for several kinematic and functional
anatomy studies (Fig. 3BeD), and they provided the basis
for muscle joint force analysis and joint contact stress and
ligament tension in various activities (Fig. 3E) [18]. An an-
imation on the layered anatomy of the shoulder with
emphasis on the brachial plexus is available in Video S2 in
the Supplementary material online).
Musculoskeletal model of the pelvis and hip
A composite surface model of the pelvis and all muscles
across the hip joint was developed using the whole body
database generated at the Johns Hopkins University,
Biomechanics Laboratory and from the Visible Human
Dataset available on the Internet (Fig. 4). In addition to
illustrating the gross anatomy of the pelvis and the femur,
this model was used to study hip joint contact stress during
activities of daily living based on the living patients’ data
telemetered from their instrumented hip prosthesis [19,20]
(Fig. 4B). By inverting the hip joint contact stress onto the
femoral head, it was also used to predict the subchondral
bone collapse and investigate femoral head reconstruction
due to osteonecrosis (Fig. 4C) [21].
Total hip replacement model
A compounded surface and solid model for the hip joint was
generated from the Visible Human Dataset to simulate total
hip replacement surgery. A proximal femur/hip prosthesis
model is incorporated to the pelvic model to study hip
range of motion and stress distribution prior to and after
hip replacement using different implant designs (Fig. 4D)
[22]. The hip implant model was developed using the
computer-aided design/computer-aided manufacturing
(CAD/CAM) files from the manufacturers or taking the
existing implants’ plastic replicate for CT scan images. This
compounded model allows both cemented and non-
cemented hip replacement simulations. Joint range of
motion was investigated based on acetabular componentn used for automobile impact study (A), gait analysis after hip
ersity, 1994 [12,13]), and the composite view of the full human
nd elbow joint forces (yellow single arrow) and moments (blue
ellow arrow) measured by a dynamic force plate for the entire
replacement patient’s gait cycle and the associated prosthetic
online.
Figure 3 (A) A composite muscular, neurovascular and skeletal model of the shoulder visualized in a sequential manner from the
superficial muscles to the underlying bony structure for anatomical studies. An animation segment is available in Video S2 in the
Supplementary material online. (B) The sequential images of a cadaver shoulder during passive elevation of the humerus in the
plane of the scapula. These shoulder models were created from CT data of cadaver specimens. The kinematic data, measured by
using electromagnetic “sensors” (Flock of Birds, Ascension Technology, Colchester, VT) fixed to the humerus, scapula and clavicle
and a “source” mounted on the trunk of the cadaver, was used to animate the shoulder motion rhythm of all the bony structures
involved [19]. (C) A solid model of a cadaver shoulder highlighting the history of the closest points between the greater tuberosity
and the acromioclavicular ligament during the Hawkins maneuver for impingement test. (D) The same model used to study thoracic
outlet syndrome under provocative maneuver tests. The thoracic outlet area between the clavicle and the surface of the 1st and
2nd ribs (marked by the mesh structure) is quantified and highlighted in red color [23]. (E) The glenoid surface model for joint
contact area/stress and ligament-capsule tensile stresses study during arm elevation.
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neck design. In addition, surgical approach and prosthesis
placement were also simulated to illustrate the utility of
this model.
Ankle joint contact stress and ligament tension model
3D bone models of the talus, calcaneus, tibia, and fibula
based on the Visible Human Dataset (National Library of
Medicine) were scaled to match the CT data recorded from
cadaver specimens in different joint angles at 10 in-
crements from 30 of dorsiflexion to 50 of plantar flexion
covering the entire range of ankle motion during level
walking [23]. Regions of potential bony contact were
identified by the contour lines of the subchondral bone on
each slice of the orthogonal CT sections and were then
stacked to create joint contact surfaces (Fig. 5A and B).
Rows of tensile strings for the ligaments and the inteross-
eous membrane were inserted at the anatomical regions
identified from the dissection data of the same specimen.
This marks the first time that the ankle normal contact and
ligament stresses have been quantified using biomechanical
analysis and simulation (Fig. 5C). This model was used to
study a new interpretation of the mechanism of ankle
fracture [24].External fixator and bone fracture reduction,
lengthening, and osteotomy model
Two types of unilateral external fixators were modelled as
solid rigid bodies of adjustable links interconnected by
different joints. Any long bone or pelvis can be incorpo-
rated with the fixator forming an open or closed linkage
system to study fracture reduction, bone lengthening, and
osteotomy adjustment through callus distraction planning
using the kinematic chain theory [25,26]. In addition to
fixator adjustability studies, this model is now being
extended to investigate fixator stiffness performance for
device evaluation and design optimization. Finally, an EBI
DFS Dimension Fixator was modelled graphically using the
CAD/CAM software to demonstrate fracture reduction
through fixator joint adjustment for both bridging and
nonbridging applications. The parameters of a distal radius
deformity were defined from the CT scans and the ante-
rioreposterior and lateral radiographs at the fracture site.
Alignment based on the bony landmarks of the radius
relative to the intact contralateral side defined the defor-
mity according to dorsal/volar translation, radial short-
ening, and radial/ulnar translation. Radial and volar/dorsal
tilts and axial rotation along the long axis of the radius
described the displacement and angulation of the distal
Figure 4 (A) The surface model of the pelvis and the proximal femur with the key muscles across the joint used for the dynamic
force analysis of the hip. (B) The model used to study acetabulum contact area and stress distribution during activities of daily
living involving the hip [39]. The hip joint reaction force (arrow) and contact stress distribution at three positions during the gait
cycle for the left (highlighted) leg calculated using the discrete element analysis (DEA) technique. The blue areas indicate the
regions of the lowest stress, whereas the yellow and green regions indicate the locations of higher stresses. (C) The proximal femur
model used to investigate subchondral bone collapse due to osteonecrosis (OS) and femoral head reconstruction [44]. (D) The total
hip replacement model including the bone and prosthesis components used to study the effects of femoral neck design and implant
placement on joint range of motion and potential dislocation. An animation segment illustrating hip range of motion under
different femoral neck design is attached, available in Video S3 in the Supplementary material online.
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similar manner as a complex robotic arm, the bone-fixator
system could be modelled as a multilink closed kinematic
chain [27]. A more detailed presentation of this application
is given in the section dealing with “VIMS-Lab” to illustrate
the use of VIMS in translational research.Geometric scaling of models
Nearly all models in the VIMS database are generic in na-
ture, and they were developed from the same Visible
Human Dataset or the Johns Hopkins Virtual Human data-
base. It would be impractical to use the same laborious
process to derive an individual model for a patient for
analysis purpose. However, specific bone and joint geom-
etry and dimension can be scaled from the generic model
using the acquired X-ray or CT data in order to evaluate the
biomechanical effects of the pathology and to simulate the
anticipated treatment outcome. Previously, this method
was described as the “parametric scaling” technique in the
simulation environment using custom software or com-
mercial program such as Pro/ENGINEER (PTC Engineering
Solutions, Parametric Technology, Needham, MA, USA). For
joint implants and spine and fracture fixation devices,
scaling can be accomplished using different CAD/CAMprograms. Data for each cross section of the bone can be
associated with the plane or its boundary expressed in
mathematical forms. Splines used to define the cross sec-
tion boundary in each plane are modified point by point
using the feature-based solid modelling technique.
The VIMS-Model is intended to build a host of musculo-
skeletal joint generic models that can be manipulated to
perform realistic biomechanical analyses on a general
population or on individual patients with specific pathologic
conditions. When the specific 3D geometry of the patients’
anatomy and pathology is required, their CT and magnetic
resonance imaging data can be combined with the generic
models to approximate the patient-specific model for
comparative analysis used to reconstruct the patient-
specific model with the added time and cost. Such capa-
bility requires further development to make it cost-
effective.
When solid models are needed for stress/strain analysis,
CAD feature based solid modelling tools are the state of the
art. Although the voxel-based models with material prop-
erty and morphology incorporated are desirable, the sur-
face models [19,28e30] remain as the standards for
medical applications. Solid models to fit the finite element
method codes for stress analysis can be scaled para-
metrically to allow the geometry of a bone to be modified
to match specific entry data. In this case, the visualization
Figure 5 (A) Human ankle joint model of the distal tibia, fibula, talus and calcaneus plus all the surrounding ligaments con-
necting these bony elements. The ligament tensile stresses are shown as colored lines depicting the their intensity [24]. (B) Ankle
contact stress distribution and ligament tension in the tibiotalar and talofibular joints during the stance phase of gait [23]. Left:
Heel strike; Middle: Mid-stance; Right: Push-off. (C) Maximum contact pressure distribution at the tibial platfond and ligament
tensile stress loaded during the stance phase of gait cycle [24].
Virtual Interactive Musculoskeletal System 31of the analysis results will be presented on more refined
graphic models.“VIMS Tool” for biomechanical analyses
Kinematic analysis
In musculoskeletal systems, limb and joint motion is
important to define normal functional requirements and
the possible pathologic effects caused by joint diseases or
neuromuscular abnormalities. Although such information
could be observed or measured on living persons, no in-
formation could be derived to study the underlying skeletal
movement under direct visualization without the effort of
attempting to express them in analytical terms using kine-
matic principles and definitions. Basically, there are two
types of motion, the global limb and joint motion and the
local articulating surface displacement. The global motion
both in translation and rotation can be quantified with fair
accuracy using any of the motion analysis systems or
externally mounted linkage systems. However, joint artic-
ulating surface motion is extremely difficult to measure and
visualize. Therefore, the modelling and analysis capability
in VIMS will be limited to global joint motion.
Joint rotations in 3D are expressed in terms of the
familiar Eulerian angles to facilitate musculoskeletal dy-
namic analyses and for movement animation. There are
two most frequently used systems for Eulerian angle defi-
nition, the “three-axes” system and the “two-axes” sys-
tem. However, the well-known “gyroscopic” system can be
used to describe the unique Eulerian angles, which will berotational sequence independent as applied to the use of
external linkage measuring devices for joint motion
[3,31,32]. The use of the latter system is usually for the
purpose of avoiding the ambiguity of rotational reference
when two axes become co-liner, the “Gimbal Lock” phe-
nomenon, under a large range of joint motion such as in the
shoulder. In two connecting skeletal segments, their rela-
tive motion from one position to another can be deter-
mined if their localized coordinate axes are defined in
reference to an inertial reference frame. This coordinate
system was renamed as the “anatomic” axes for the knee
joint [33]. Anatomical joints are rarely pure hinge, uni-
versal, or ball-and-socket type as commonly used in me-
chanical systems. There is always a certain amount of
translation involved in their movements. Furthermore,
finite rotation of a limb segment is sequence dependent.
However, joint action usually takes the easiest or an
aesthetically attractive path, which provides the least
effort while confined by the constraining soft tissues. These
well-known engineering principles can now be demon-
strated using the VIMS technology. In the study of skeletal
kinematics involving finite displacement and rotation, the
concept of instantaneous centroid of rotation and
the technique of determining it were first suggested by the
senior author. This concept was later adapted and
extended in the mid-1980s by the late Herman Woltring
[34]. Again, this concept can now be validated and visually
illustrated using graphic models and animation as a trans-
lational research at work!
Bone alignment correction under external fixation can
be studied using rigid body kinematic analysis. When bone
32 E.Y.S. Chao, J. Limsegments are involved in fracture, osteotomy, or length-
ening cases and they are immobilized by an external fix-
ator, the entire system can be modelled as a spatial linkage
chain and studied using the movability analysis using the
homogenous 4  4 transformation matrix [3]. Such an
analysis can aid in device performance evaluation, design
modification, pretreatment planning, and adjustment dur-
ing treatment. The skeletal-fixator system can also be
regarded as a structure to study its stability behaviour
especially the micromotions that occur at the bone fracture
or lengthening site. Hence, external devices are func-
tioning as a robotic device, which can adjust bone ends
from the outside while monitoring its stiffness property to
ensure the required biomechanical environment for the
bone to respond properly. These analysis algorithms are
documented in the VIMS-Tool package for specific applica-
tions in different anatomic regions. In the section dealing
with VIMS-Lab, an example will be presented to illustrate
the utility of these analysis algorithms.
Joint reaction forces and moments determination
A technique for quantifying the joint reaction forces and
moments has been well developed and widely applied. The
algorithms for calculating the reaction forces and moments
acting at these joints are based on skeletal models with
interconnecting links. The mass, centre of mass, and
moment of inertia for the anatomic segments will be esti-
mated or retrieved from the database in VIMS-Model. When
only the displacement data of the system are known, the
process of calculating joint resultant force and moment was
first defined as the “inverse dynamic problem”, and the so-
lution could beobtained using theoptimization approach [2].
This class of problem occurred later in control engineering
and optimization fields, but its definition and solution
method originated from the biomechanical problem cited
here; thus, it becameawell-documented example of reverse
translational research in the late 1960s. Another approach is
to complete the kinematic dataset through numerical dif-
ferentiation [35]. Velocity and acceleration of each link will
be numerically derived from the measured displacement. If
the joint drivingmoments and the external loading are given,
the process of determining the system’s kinematic perfor-
mance is defined as the “forward dynamic problem”, in
contrast to the inverse type. These two classes of problems
are determinate, as the number of unknowns in the system
and the governing equations are equal. The VIMS-Tool
package can handle these problems at the users’ prefer-
ence. However, if only the system’s performance is pre-
scribed, the process of calculating the drivingmoment at the
joints under known external loading is defined as the “syn-
thesis problem”, and the solution process involved is quite
complicated and requires an enormous amount of compu-
tational time even if one is using a supercomputer. At the
moment, the VIMS-Tool does not contain the various algo-
rithms required for this class of problem.
Distribution of muscle forces and joint constraints
The muscles acting about a joint will be modelled as force
vectors applied along themuscle centroidal lines throughoutthe kinematic motion history. In VIMS-Model, the key mus-
cles and their properties related to each joint function are
documented to facilitate the dynamic analysis formulation.
These muscle forces are required to balance the external
forces and inertial forces acting about each joint, and they
could be estimated from the known resultant moment and
constraint forces as described in the previous section.
However, quantifying the individual muscle forces is an
indeterminate problem, because the muscles around the
joint are redundant both in the agonistic and antagonistic
sense; therefore, there are more unknowns in the equa-
tions than the number of equations needed to solve them.
Optimization techniques will be needed to solve this class
of problem with assumed cost function or optimization
criteria and constraint conditions. The underlying assump-
tion behind the optimization method is that the central
nervous system controls muscle action by minimizing some
performance criteria or to satisfy the preset cost function
[6,7,36,37]. The system of equations will also be subjected
to the constraints that the muscle stressesdexpressed as
the muscle force divided by the physiological cross-
sectional areadare nonnegative and bonded. Several
optimization criteria are incorporated in the VIMS-Tool
software, and they can be refined and modified according
to more up-to-date development or based on investigators’
own choices. This is very much an ongoing field, which may
benefit from many investigators if VIMS-Net can be used as
a chat environment to share ideas for both the basic and
translational research.Intra-articular contact stress and ligament tension
The joint constraint force can be further decomposed into
joint contact stresses and ligament tension using the
discrete element analysis (DEA) technique [38]. This tech-
nique can be modified to accommodate the mismatch in
joint geometric shape and to incorporate additional soft
tissues such as menisci, labrums, rotator cuff, and the joint
capsule. In the analysis, bones are treated as rigid bodies,
whereas the articular cartilage and the ligaments are
modelled as matrices of compressive or tensile springs
[39,40]. Furthermore, to satisfy the theoretical re-
quirements of such an analysis, the system must be kept in
static or quasi-static equilibrium and thus allowing only an
infinitesimal (or virtual) displacement in translation. The
DEA method requires less computational time than finite
element (FE) analysis techniques, and it has been shown to
provide equivalent results in estimating joint contact or
implant/bone interface stresses [41].
Joint contact area will be determined between the two
bone surfaces at each functional position. This contact area
will be assumed to be midway between the two bony sur-
faces separated by the cartilage of certain predefined
thickness. A compressive spring is placed on the centroid of
each polygon on the concave side of the joint oriented
normal to the polygon surface. Any spring in its uncom-
pressed length (the thickness of the cartilage) that does not
intercept the opposing bony surface of the joint will be
eliminated from the contact area. Therefore, the joint
contact area represents a subset of the joint articulating
surfaces between the two bones. Ligament resting length
Virtual Interactive Musculoskeletal System 33and location are determined from the anatomic database.
A series of parallel tensile springs will be used to model the
ligaments or joint capsule to predict their tensile stresses in
each joint position. If the ligament contains different
bundles, different sets of tensile springs with varying di-
mensions and biomechanical properties can be modelled. In
this complex model, the system of equilibrium equations in
matrix form will be formulated using the principle of min-
imum potential energy on spring deformation under applied
external loads and by applying Castigliano’s theorem [42].
The resulting indeterminate problem can be solved using a
GausseJordan elimination process. The entire computa-
tional algorithm will be iterative in nature because each
step of joint loading occurs under the equilibrium condi-
tion. Whenever the joint compressive springs carry tensile
loads or the tensile springs carry compressive loads, they
must be removed from the system and the equilibrium
analysis must be repeated. An appropriate convergence
criterion will be adapted using the least-squares minimi-
zation principle for the iterative process. The basic theory
of the DEA (originally defined as the Rigid Body Spring
System) was developed by Tadahiko Kawai, Emeritus Pro-
fessor of Tokyo University [43]. Recently, this technique
was extended to deal with joint dynamic problems incor-
porating nonlinear springs to simulate cartilage response to
load under steady-state conditions [43].Bone and implant stress analysis
Using established 3D FE models acquired or developed, the
stress/strain and deformation in bone, ligament, implant,
and their interfaces can be determined using anyFigure 6 VIMS application outline on distal radial fracture reduct
fixator.commercial FE model software, such as ABAQUS (Hibbit,
Karlsson & Sorensen, Inc., Pawtucket, RI, USA) or PATRAN
(MacNeal-Schwiendler Corp., Los Angeles, CA, USA), whose
FE code can be imported to the VIMS-Model platform to
create specific FE mesh using existing CT data. The size
and shape of prosthesis models can be changed using the
Pro/ENGINEER software (PTC Engineering Solutions) to fit
the host bone model. Interface and boundary conditions
are handled by using the special element types available in
the commercial codes or to be developed and incorporated
to VIMS-Tool for special applications. Various postprocess-
ing software can be imported and combined with the
model for stress analysis and graphic presentation of the
results.
VIMS-Labdcomputer-assisted fracture reduction at the
distal radius
To best demonstrate the function of VIMS-Lab while seeing
how the entire VIMS technology including VIMS-Model and
VIMS-Tool was being utilized in its totality and to serve the
purpose of stressing the importance of translational
research in orthopaedic biomechanics, the MS thesis
(Bioengineering Department of the Johns Hopkins Univer-
sity) of the junior author, Jonathan Lim, who passed away
in 2005, came into play. This thesis, entitled “Robotic
assisted fracture reduction at the radius,” has never been
published except in abstract form [27] and is presented
here in excert form to commemorate Jonathan’s great
contribution to the field of orthopaedic biomechanics with
some of the most attractive graphics developed by him
using the VIMS software and database to their full capacity.
The contents of this investigation are outlined and sum-
marized (Fig. 6).ion using EBI (a subsidiary of Biomet) DSF unilateral external
Figure 7 The initial and final fracture and fixator configurations graphic appearance with their close loop linkage pair parameter
values shown in Table 1. An animation segment on the simulated wrist fracture event and the sequential in small steps or the
simultaneous adjustments (the optimal path) is attached, see Video S4 in the Supplementary material online.
34 E.Y.S. Chao, J. LimFracture treatment aims to reduce the bony fragments
and maintain that reduction throughout the treatment and
rehabilitation period in order to restore functional anat-
omy. This can be achieved using either internal or external
means. However, achieving reduction and fixation exter-
nally allows adjustments throughout the treatment course,
and when the bone fracture is healed, the device can be
removed under minimal intervention. Through simulation,
the adjustments necessary to obtain the anatomical align-
ment can be found. Because the large displacement
required is path-dependent, an ideal adjustment sequence
to the external device design, very much similar to a ro-
botic device with the least disruption to the underlying vital
part, can be found by using VIMS. We therefore hypothe-
sized that a universal external fixator system can be uti-
lized through the optimal reduction path by adjusting the
joints of the fixator, thereby achieving the desirable
reduction and compression or distraction if necessary
without causing any disturbance to the surrounding soft
tissues, vessels, and nerves.
An external fixator together with the distal and the
proximal forearm bone fragments were considered as a
closed-loop kinematic linkage system. It allowed quantifi-
cation of the translations and rotations required at the
connecting joints of this mechanism to reduce a given
fracture, provide the desirable gap condition, correct a
deformity, and/or lengthen the fracture callus. Combining
the kinematic analysis with a graphic model of the bonesegments and external fixator would also allow visualization
of the adjustments required to reduce a fracture to verify
the intended treatment strategy. In the present case, the
use of an external fixator coupled with the distal forearm
and the wrist through a kinematic chain analysis to pre-
scribe fixator adjustment introduced treatment options
that would allow for ideal reduction of a distal radius
fracture depending on other clinical considerations. A
successful restoration of the normal anatomy of the distal
radius is associated with the adequate realignment of the
fracture ends with minimal disturbance of the surrounding
soft tissue (Fig. 7).
The graphic model for the fixator was developed using
Solidworks software. The wrist model was developed based
on the CT scan data of the Virtual Human project (Visible
Human, National Library of Medicine). From the slice data,
a 3D volume was reconstructed by segmentation of the
cross-sectional images of the upper extremity using Analyse
software (Mayo Clinic, Rochester, MN, USA). A transverse
fracture was simulated in the wrist model on the distal
portion of the radius. A right-handed coordinate axis was
established on the proximal fragment of the fracture with
the z-axis oriented along the long axis of the radius and the
y-axis oriented in the direction of the palm. The virtual
fixator model was applied to the wrist model according to
the standard orthopaedic practice in fracture management.
One distal pin was secured at the base of the second
metacarpal at the metaphysodiaphyseal junction, whereas
Figure 8 The kinematic chain loop equation as applied to
the 10-segment linkage system connecting the hand, forearm
and the fixator. The relative orientation of one segment to
another as shown by the graphic model and the solid red lines is
described by 10 transformation matrices (T) with the con-
necting links expressed in the left-upper and right-lower sub-
scribes. This matrix equation was solved using the least-square
approach using a pre-described convergence criterion.
Virtual Interactive Musculoskeletal System 35the other was affixed in the diaphysis region. The proximal
pins were affixed 5 inches from the radial styloid at an
angle of approximately 45 from the mediolateral plane.
The bone-fixator system was modelled as a kinematic
linkage chain system allowing rotation and translation at
the fracture site through fixator joint adjustments. Based
on the final orientation of the bony segments at the simu-
lated fracture site, the solutions could be determined using
the coordinate transformation matrix (T) from one link to
another, forming the closed loop. An iterative method of
least-squares optimization is used to obtain a solution for
the joint configurations of the applied fixator to reduce the
fracture (Fig. 8). A small distraction was first applied; only
three types of joint adjustment patterns were considered
although there could be infinite paths that will reduce the
finite deformation at the fracture site. The “sequential
adjustment” corrects the joints according to the calculated
solution values for each fixator joint in a sequential
manner. “Sequential incremental adjustment” corrects the
joints in sequence in a small incremental fashion. “Simul-
taneous adjustment” describes a synchronized adjustment
of all joints at the same time.
The fracture radiograph and the bone orientation of a
clinical case was chosen to demonstrate the reduction to beTable 1 Fixator and fracture site configurations prior to and af
Initial state
Fracture site Fixator joint configuration
dx 0 mm X1 5.02

dy 4 mm X2 15.7 mm
dz 1 mm X3 5.08
Rx 15 X4 0.07 mm









conducted using VIMS (Fig. 6). The corresponding fixator
and fracture site configurations prior to and after reduction
are given in Table 1. The number of iterations to arrive at
the initial parameters was related to the magnitude of the
individual fracture parameters. For the clinically relevant
case, the optimization process went through an average of
45 iterations to arrive within 1  107 of the objective
function for the final solution parameters. The convergence
time averaged 5 s on a modern personal computer (PC)
using the neutral fixator configuration as the estimate for
the initial fixator configuration. Among the 10 adjustment
parameters (4 translation and 6 rotation), there were only
eight required alterations under the given fracture
misalignment. These adjustment solutions can be imple-
mented in any combination, sequence, and magnitude,
which will lead to the same final reduction. However, each
of these infinite combinations will lead to a different
correction path, because finite displacements are path-
dependent.
The maximum deviation in the axial plane at the frac-
ture site was recorded for different adjustment paths
because it represents the potential soft tissue disruption
that occurred during the manipulation. The sequentially
adjusted case (each fixator adjustment parameter was
implemented to its magnitude in one step) resulted in a
maximum deviation of 45.7 mm in the system, which would
render it inadmissible due to the unreasonable degree of
translation at the fracture. When the individual adjustment
was halved, the maximum deviation was 31.1 mm, which
was still unacceptable. Finally, if all adjustment parame-
ters were simultaneously adjusted in equal steps of greater
than 10 or each parameter was implemented in small
magnitudes of less than 1 mm or 1, the maximum deviation
was reduced to 5.1 mm. In fact, the last two adjustment
methods had created nearly identical paths, and that would
converge to one single unique solution with increasing step
or decreasing stepwise adjustment magnitude. This unique
path is defined as the optimal path achievable by rotating
with respect to the instantaneous screw axis.
For any given fracture characteristics and pin placement
in a reduction procedure, there exists an optimal adjust-
ment strategy for the fixator joints among all correction
paths. In a unilateral fixator design like the one discussed
here, rotational deformity may not achieve an ideal
reduction. Therefore, an appropriate manual reduction inter reduction using VIMS.
Final state
Fracture site Fixator joint configuration
dx 0 mm X1 5.02

dy 0 mm X2 16.2 mm
dz 0 mm X3 43.2
Rx 0
 X4 2.26 mm
Ry 0
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for the final reduction and manipulation. This minor limi-
tation should not affect its use in osteotomy or lengthening
applications. An alternative fixator, the Taylor Spatial
Frame (TSFR by Smith Nephew, Memphis, TN, USA) [44],
uses six linear adjustment cylinders to provide larger
rotational deformity corrections similar to a flight simulator
design. The DFS fixator contains one ball-and-socket joint
with 3 DOF (degree of freedom) not easily controlled for
individual in adjustment in each axis of rotation. However,
single stepwise rotations with respect to the instantaneous
screw axis can be instrumented to provide smooth correc-
tions with minimum deviation of the bony segment very
similar to human natural joint functions. This could be
adapted in the robotic field to provide a bionically featured
joint that will reduce the bulk of the machine and provide
sooth motion to save power while achieving the aesthetic
movement of a robot in the game or entertainment in-
dustry. This serves as the final example in reserve
translational research related to biomechanics, that is,
using human system structure and function to enrich
engineering.Figure 9 The Dynamic Knee Simulator used to study knee
flexion and joint loading under simulated squatting activity.
Independent loads are applied to the simulated hip joint, the
medial and lateral hamstrings tendons and the quadriceps
tendon using hydraulic actuators. The tendons are secured to
the loading actuators using cryoclamps. The MTS Model 790.00
TestStar II Control System software (MTS Systems Corporation,
Eden Prairie, MN, USA) was used to control and monitor all
motion and loading conditions [30].Analysis validation
An adequate validation of the virtual models used in VIMS
technology is essential to establish its credibility. The Dy-
namic Knee Simulator (Fig. 9), developed by the author in
closed collaboration with MTS System Corporation (Eden
Prairie, MN, USA), was used to validate the model and
analysis algorithms related to the knee joint [45]. On this
simulator, the anatomical specimens were instrumented to
measure a simulated squatting activity under gravitational
load of the body. The measured joint contact pressure and
the bone internal force and moment were compared to
those calculated using the VIMS-Tool computational algo-
rithms and the generic knee model available in the VIMS-
Model library after an appropriate scaling.
Another way to verify the model and analysis results is to
examine the graphic output results in the VIMS-Lab envi-
ronment. As in the kinematic, kinetic, and the anatomical
studies using the virtual but realistic and geometrically ac-
curate models, one can visualize and perceive with reason-
able confidence whether the final results of the analyses are
correct and reliable [16,26,46]. However, the aesthetic
appearance of the virtual models and an absolute validation
of the analysis results on internal force, stress/pressure of
the musculoskeletal system in action would be difficult but
unnecessary as long as the trend of the results matches that
measured on the simulator under a similar loading regime or
we can compare them qualitatively according to published
data and trained judgement. An additional test setup
involving other joint models and analysis conditions could be
developed to provide an overall qualitative assessment of
VIMS-Model, VIMS-Tool, and VIMS-Lab, but that will be time-
consuming and will not really add much to the fundamental
value of simulation in the field of biomechanics. Moreover,
the final proof of the validity of the results from VIMS simu-
lation will rely on appropriately designed clinical trial
studies similar to any biological or pharmaceutical trans-
lational research outcome.Discussion
The “Virtual Human” is an exciting reality for biomechan-
ical analyses and simulation well demonstrated in this
paper using the musculoskeletal system as an example.
With further development, this technology shall become a
broad foundation with full-featured analysis capability,
robust model library and database, and a well-organized
laboratory environment to serve as a biomechanical simu-
lator for a wide spectrum of basic science and clinical ap-
plications. This simulation technology unites the expertise
in biomechanical analysis and graphic modelling to inves-
tigate joint and connective tissue mechanics and to visu-
alize the results in both static and animated dynamic forms
together with the system involved. Adaptable anatomical
models including implants and fracture fixation devices
and a computational infrastructure for static, kinematic,
inverse and forward dynamic, joint contact pressure, stress
and strain analyses under varying or moving boundary and
loading conditions that are incorporated on a common
software platform comprise a novel, timeless, and signifi-
cant advancement in the field of musculoskeletal
Virtual Interactive Musculoskeletal System 37biomechanics to provide the needed impetus to revive in-
terest and emphasis in this particular sector. Although
there are several model-making software packages avail-
able on the commercial market, nothing comes close to
VIMS’s capabilities, and some of the intended applications
are demonstrated in this report. These commercial prod-
ucts often exaggerate their clinical utility in performing
treatment plans, but without biomechanical analysis and
justification, these planning efforts cannot be established
on firm ground. In relation to translational research, VIMS
should be regarded as a practical technology to put
biomechanics in the service arena similar to anatomy and
physiology in rendering safe and effective treatments.
In engineering, translational research has always been
the fundamental requirement as opposed to the basic sci-
ence research in biology, chemistry, physics, and mathe-
matics. Although conventional clinical trial studies are not
required, testing programs under unforeseeable natural
disastrous conditions and man-made errors are included to
strengthen the design and manufacturing requirements. In
addition, generous safety factors are usually included as
built-in features of more critical machines such as aircraft,
nuclear power plants, and high-speed vehicular equipment
to ensure the safety of workers and passengers and to
secure safe and desirable working conditions. In medically
related technology, because of the unpredictable environ-
ment that the patients are facing, the safety criteria are far
less desirable. Hence, meticulous clinical trial studies are
mandatory after translational research. Bioengineering
procedures and products will face the same regulations.
This simulation technology will in no way completely
replace the need to conduct experimental testing using
human and animal anatomical specimens mounted on uni-
versal testing machines or custom-made joint simulators.
Although time-related simulation on material fatigue failure
or tissue growth and remodelling has been performed in the
past, animal studies are still regarded as the standardmethod
in bone and joint research and implant development. The
results generated from all of these studies, experimental or
theoretical, shall be validated by randomized controlled
clinical trials to prove their safety and efficacy.What the VIMS
can offer is a set of genericmodels and parametric analysis for
comparative purposes in healthy and patient populations to
strengthen the results of controlled clinical trials and stratify
further studies if indicated. In individual patients, it also
provides the unprecedented capability of assisting physicians
and surgeons to optimize treatment protocols to improve
clinical outcomes and minimize risks.
The simulation software and database in VIMS were
developed for the purpose of enhancing research, educa-
tion, and clinical patient care related to musculoskeletal
joint function at the structure, organ, and system levels.
Little effort has been devoted to model and analyse con-
nective tissue at the material level except for the cartilage
on joint contact problems [21,43]. However, this can be
included whenever these tissues’ nonlinear and time-
related behaviours are well formulated. Likewise, long-
term growth and remodelling of normal, repaired, or
reconstructed systems can be simulated as demonstrated in
the past [47,48]. Therefore, VIMS at its current develop-
ment is limited to structural analyses of the musculoskel-
etal system to provide the front-end data, which could beused later for the downstream tissue level modelling and
analysis purpose. It would be desirable, however, if the
analysis tools for muscle force determination could include
some neuromuscular control theory so that future simula-
tions of the musculoskeletal system can be extended to
include synthesis problems related to its physiological
performance. From the clinical point of view, this tech-
nology should have strong appeal to both patient care and
rehabilitation training with its unique graphic-based models
and computer animation of the biomechanical responses to
loading and motion under normal and pathological condi-
tions. The limitation on model storage and lengthy
computational time required can now be handled in the CC
environment, which will be discussed in the following
paragraph. Hence, VIMS can be made available to users
(using a PC and its operating system and graphic software)
at an affordable cost.
Several computational algorithms and model library da-
tabases were integrated into the VIMS system platform on
SGi supercomputer mainframe using the Unix operating
system. All of the independent analysis components of the
software are accessible through a single graphical user
interface. This software package can be modified to fit the
X-Windows/OS PC operating system. Users in the public
domain can access the VIMS-Model and search through the
model library to select the desirable musculoskeletal region
and the orthopaedic implant or device for the intended
simulation and analysis. The kinematic data of the
anatomic system involved in functions of daily living or
sports activities could be adapted from the literature or
measured to serve as the input data for biomechanical
analysis on the generic models. The analysis results will be
graphically presented and animated using the VisLab soft-
ware (Engineering Animation Inc.). Unfortunately, this
utility software plus the VisModel package are no longer
being served by the commercial firm, and they need to be
converted to a PC-based operating system in order for the
VIMS to gain acceptance and popularity. To facilitate easier
access and utilization of VIMS, it is necessary for an orga-
nization (either private or institutional) to streamline the
maintenance, operational procedures, and protection of
the system on different PC operating systems on a service
fee-based arrangement. Again, to alleviate the limitations
on core storage and computational speed in PCs, the CC
environment would make VIMS more accessible to private
and industrial/institutional users.
This integrated system will no doubt make the learning of
functional anatomy easier and help create virtual labora-
tories on the Internet to share the resources, analysis algo-
rithms, and research findings. Such capabilities will expand
the scope and utility of musculoskeletal biomechanics
without relying on the use of animals or cadaver specimens
despite the restrictions posed by the limitations of models
and loading complexity. This broad-based technology will
not only revolutionize the development and testing of or-
thopaedic implants and devices to improve their clinical
performance and reliability, it will also make biomechanics
competitive in landing federal funding and industrial con-
tracts. Finally, the development of biomechanically justified
preoperative planning strategy and the associated execution
procedures and operational steps under a VR environment
using accurate and realistic graphic models combined with
Figure 10 The concept proposed for computer-aided surgical planning in musculoskeletal tumor resection and reconstruction for
limb salvage in the late 1980s before the emergence of the VIMS technology. In this diagram, the current technologies on navigation
and robotic-assisted surgery were incorporated. In addition, accurate imaging and biopsy for tumor diagnosis, focalized radio-
therapy and other local tumor ablation techniques such as microwave radio frequency ablation, cryosurgery, etc. and systematic
chemotherapy were included. Today, with the VIMS technology available for individual patient’s lesion model making, therapy and
surgery simulation, safer and more effective limb salvage procedures can be delivered.
38 E.Y.S. Chao, J. Limbiomechanical rationales will provide the essential founda-
tion and tools for the true computer-aided surgery currently
active in the fields of surgical navigation and robot-assisted
surgery. An important spin-off utility of these emerging
technologies is in the field of limb salvage in orthopaedic
oncology (Fig. 10). The application of radio frequency
ablation or hyperthermia in the treatment of bone tumour
would be an ideal application of VIMS both in treatment
planning and execution to make limb-saving surgeries safe
and effective and provide improved and durable limb func-
tion. Other possibilities of adapting VIMS to other medical
applications such as computer-aided rehabilitation are only
a few steps away from reality. To conclude, simulation
technology, although an old and powerful engineering
discipline, is able to find its way in orthopaedics trans-
lational research with both proven and unexplored utilities.
Under the CC and virtual storage environment, it will defi-
nitely make biomechanics laudable and easier to apply, and
thus appreciated by clinicians. Finally, through the experi-
ences and advances gained in the more challenging
biomedical fields, a reverse translational research will be
achieved to not only elevate the status of biomechanics but
also enrich the engineering field.
Acknowledgements
The work contained in this paper was performed at the Johns
Hopkins University Orthopaedic Biomechanics Laboratory.
This paper was written in memory of Jonathan Lim, who
conducted the “Biomechanical Analysis of External Fixation
of Distal Radial Fracture Reduction” research as his MS thesis
in Biomedical Engineering at The Johns Hopkins University in
2003, a perfect example of orthopaedic translational
research related to biomechanics using VIMS. Jonathan,
unfortunately, passed away in 2005 at a tender age of 24!The development of the present VIMS technology
involved many staff and fellows both at the Mayo Clinic
and the Johns Hopkins University, too numerous to prop-
erly acknowledge here. However, Jonathan Lim was the
exception as his untimely death prevented him from pub-
lishing his MS thesis work and becoming a physician, as he
would have wanted. We all miss him enormously, espe-
cially for an aging teacher still lamenting the tremendous
loss of a dear student and friend! The initiation of this
developmental program was made possible by a subcon-
tract from EAI (Engineering Animation Inc., Ames, IA, USA)
through an ATP (Advanced Technology Program) grant
awarded by NIST from 1993 to 1996. In the ensuing years,
the VIMS software refinement and its application expansion
were partially supported by the Orthopaedic Research and
Education Foundation through its Bristol-Myers “Center of
Excellence Grant,” by a major private donation from the
Nobuhara Hospital in Tatsuno, Japan, and by generous gifts
provided by the Industrial Technology Research Institute of
Taiwan, the EBI Medical Systems (now a subsidiary of Bio-
met) and a private industrialist, devoted benefactor in
charity work worldwide, and close friend, Dr. In-Long Chu
from Taiwan.
Appendix A. Supplementary data
Supplementary data related to this article can be found
online at http://dx.doi.org/10.1016/j.jot.2013.07.006.References
[1] Chao EYS, Rim K, Smidt GL, Johnston RC. The application of
4  4 matrix method to the correction of the measurement of
hip joint rotation. J Biomech 1970;3:459e71.
Virtual Interactive Musculoskeletal System 39[2] Chao EYS, Rim K. Application of optimization principles in
determining the applied moments in human leg joints during
gait. J Biomech 1973;6:497e510.
[3] Chao EY. Justification of triaxial goniometer for the mea-
surement of joint rotation. J Biomech 1980;13:989e1006.
[4] Chao EYS, Lynch JD, Vanderploeg MJ. Simulation and anima-
tion of musculoskeletal joint system. J Biomech Eng 1993;115:
562e8.
[5] Kaufman K, An K, Litchy W, Chao E. Physiological prediction of
muscle forces e I. Theoretical formulation. Neuroscience
1991;40:781e90.
[6] Crowinshield RD, Brand RA. A physiologically based criterion
of muscle force prediction in locomotion. J Biomech 1978;11:
75e85.
[7] Kaufman KR, An KN, Litchy WJ, Morrey BF, Chao EYS. Dynamic
joint forces during knee isokinetic exercise. Am J Sports Med
1991;19:306e16.
[8] Li G, Kaufman KR, Chao EYS, Rubash HE. Prediction of
antagonistic muscle forces using inverse dynamics optimiza-
tion during flexion/extension of the knee. J Biomech Eng
1999;121:316e22.
[9] Buford WL, Myers LM, Hollister AM. A modeling and simulation
system for the human hand. J Clin Eng 1990;15:445e51.
[10] Buford WL, Andersen CR. Predicting moment arms in dia-
rthroidal joints d 3D computer simulation capability and
muscle-tendon model validation. Conf Proc IEEE Eng Med Biol
Soc 2006;1:3407e10.
[11] Delp SL, Loan JP, Hoy MG, Zajac FE, Topp EL, Rosen JM. An
interactive graphics-based model of the lower extremity to
study orthopaedic surgical procedures. IEEE Trans Biomed Eng
1990;37:757e67.
[12] Delp SL, Loan P. A graphic-based software system to develop
and analyze models of musculoskeletal structures. Comput
Biol Med 1995;25:21e34.
[13] Chao EYS, Lynch JD, Vanderploeg MJ. Simulation and anima-
tion of musculoskeletal joint system. J Biomech Eng 1993;115:
562e8.
[14] Spitzer V, Ackerman MJ, Scherzinger AL, Whitlock D. The
visible human male: a technical report. J AM Med Inform Assoc
1996;3:118e30.
[15] Chao EY. Dimensional and geometric analysis of human long
bones. In: Winters JM, Woo SL-Y, editors. Asian population
multiple muscle systems. Berlin: Springer Verlag; 1995.
[16] MacWilliams BA, Choi T, Perezous MK, Chao EY, McFarland EG.
Characteristic ground-reaction forces in baseball pitching. Am
J Sports Med 1998;26:66e71.
[17] Fung M, Kato S, Barrance PJ, Elias JJ, McFarland EG, Chao EY.
Passive shoulder motion varies between elevation planes: a
cadaver study. J Shoulder Elbow Surg 2001;10:278e85.
[18] Lin HT, Nakamura Y, Su FC, Hashimoto J, Nobuhara K, Chao EY.
Use of virtual, interactive, musculoskeletal system (VIMS) in
modeling and analysis of shoulder throwing activity. J Bio-
mech Eng 2005;127:525e30.
[19] Bergmann G, Graichen F, Rohlmann A. Hip joint loading during
walking and running, measured in two patients. J Biomech
1993;26:969e90.
[20] Yoshida H, Faust A, Wilckens J, Kitagawa M, Fetto J, Chao EYS.
Three-dimensional dynamic hip contact area and pressure dis-
tributionduringactivitiesofdaily living. J Biomech2005;38:1e9.
[21] Volokh KY, Yoshida H, Leali A, Fetto JF, Chao EYS. Prediction
of femoral head collapse in osteonecrosis. J Biomech Eng
2006;128:467e70.
[22] Chao EY. Graphic-based musculoskeletal model for biome-
chanical analysesandanimation.MedEngPhys2003;25:201e12.
[23] Haraguchi N, Armiger RS, Myerson MS, Campbell JT, Chao EY.
Prediction of three-dimensional contact stress and ligament
tension analysis of the ankle during stance determined from
computational modeling. Foot Ankle Int 2009;30:177e85.[24] Haraguchi N, Armiger RS. A new interpretation of the mech-
anism of ankle fracture. JBJS 2009;91:821e9.
[25] Liu RW, Kim YH, Lee DC, Inoue N, Koo TK, Chao EYS.
Computational simulation of axial dynamization on long bone
fractures. J Clin Biomech 2005;20:83e90.
[26] Koo TKK, Chao EYS, Mak AFT. Fixation stiffness of Dynafix
unilateral external fixator in neutral and non-neutral config-
urations. J Biomed Mater Eng 2005;15:433e44.
[27] Lim J, Armiger R, Kitagawa M, Haraguchi N, Keyurapan E,
Chao EY. Robotic assisted fracture reduction at the distal
radius. In: Transactions of 51st annual meeting of Orthopaedic
Research Society Feb. 20e23, 2003. Washington, DC.
[28] Baker HH. Surface modeling with medical imagery. In:
Ho¨hne KH, Fuchs H, Pizer SM, editors. 3D imaging in medicine.
Berlin: Springer Verlag; 1990. p. 277e88.
[29] Robb RA. A software system for interactive and quantitative
analysis of biomedical images. In: Ho¨hne KH, Fuchs H,
Pizer SM, editors. 3D imaging in medicine. Berlin: Springer
Verlag; 1990. p. 333e61.
[30] Udupa JK, Hung HM, Chuang KS. Surface and volume
rendering in 3D imaging: a comparison. J Digital Imag 1991;4:
159e68.
[31] Chao EYS, Morrey BF. Three-dimensional rotation of the
elbow. J Biomech 1978;11:57e73.
[32] Johnston RC, Smidt GL. Measurement of hip joint motion
during walking: evaluation of an electrogoniometric method.
J Bone Jt Surg 1969;51A:1038e94.
[33] Grood ES, Suntay WJ. A joint coordinate system for the clin-
ical description of three-dimensional motions: application to
the knee. J Biomech Eng 1983;105:136e44.
[34] Woltring HJ, Husikes R, deLange A. Finite centroid and helical
axis estimation from noisy, sampled landmark coordinates. J
Biomech 1985;20:129e34.
[35] Chao EYS, Barrance PJ, Li G, Gazzani F, Vanderploeg MJ.
Simulation and animation of knee joint rehabilitation using
computer graphic based model. In: Advances in bioengi-
neering, ASME. ASME conference proceedings 1994.
p. 249e50.
[36] An KN, Kwak BM, Chao EY, Morrey BF. Determination of muscle
and joint forces. A new technique to solve the indeterminate
problem. J Biomech Eng 1984;106:356e67.
[37] Van Der Helm FC. Analysis of the kinematic and dynamic
behavior of the shoulder mechanism. J Biomech 1994;27:
527e50.
[38] Genda E, Iwasaki N, Li GA, MacWilliams BA, Barrance PJ,
Chao EYS. Normal hip joint contact pressure distribution in
single-leg standing e effect of gender and anatomic param-
eters. J Biomech 2001;34:895e905.
[39] Iwasaki N, Genda E, Barrance PJ, Minami A, Kaneda K,
Chao EYS. Biomechanical analysis of limited intercarpal fusion
for the treatment of Kienbock’s disease: a three-dimensional
theoretical study. J Orthop Res 1998;16:256e63.
[40] Schuind F, Cooney WP, Linscheid RL, An KN, Chao EY. Force
and pressure distribution through the normal wrist: a theo-
retical two-dimensional study in the posteroanterior plane. J
Biomech 1995;28:587e601.
[41] Sakamoto M, Li G, Hara T, Chao EY. A new method for theo-
retical analysis of static indentation test. J Biomech 1996;29:
679e85.
[42] Kawai T. Some considerations on the finite element method.
Int J Numer Methods Eng 1980;16:81e120.
[43] Chao EY, Volokh KY, Yoshida H, Shiba N, Ide T. Discrete
element analysis in musculoskeletal biomechanics. Mol Cell
Biomech 2010;7:175e92.
[44] Viskontas DG, MacLeod MD, Sanders DW. High tibial
osteotomy with the use of Taylor Spatial Frame external fix-
ator for osteoarthritis of the knee. Can J Surg 2006;49:
245e50.
40 E.Y.S. Chao, J. Lim[45] MacWilliams BA, DesJardins JD, Wilson DR, Chao EYS. Ham-
strings co-contraction reduces internal rotation, anterior
translation and ACL load in weight-bearing function. J Orthop
Res 1999;17:817e22.
[46] Kim YH, Inoue N, Chao EYS. Kinematic simulation of fracture
reduction and bone deformity correction under unilateral
external fixation. J Biomech 2002;35:1047e58.[47] Carter DR, Fyhrie DP, Whalen RT. Trabecular bone density and
loading history: regulation of connective tissue biology and
mechanical energy. J Biomech 1987;20:785e94.
[48] Huiskes R, Weinans H, Dalstra M. Adaptive bone
remodeling and biomechanical design considerations for
noncemented total hip arthroplasty. Orthopaedics 1989;12:
1255e67.
